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A PRECISION AC-DC DIFFERENTIAL 
VOLTMETER/DC STANDARD WITH HIGH VERSATILITY 



A versatile new instrument measures ac voltages with high accuracy from 
20 c s to 100 kc/s by comparing the unknown to a precision dc voltage. It 
also measures dc voltages to 0.02 % and supplies high-resolution dc voltages. 




Fig- i. New -hp- Model 741A ac/i>c Differential Voltmeter/ lie Standard makes 
highly accurate measurements of ae railages as irell as serving as tie differential 
voltmeter and as stable source of dc voltages. As shown here, ac differential roll 
meter function is usejiil for calibrating oscillators and for making long term ampli- 
tude stahility measurements. 



Tin accuracy of ac voltage measure 
ments has always been tempered by the 
lack of a primary standard ol ac volt- 
age. It is thus necessary to measure ac 
voltages in terms of related dc voltages 
thai in turn can be referenced to a 
basic standard. 

Highest accuracy in ac voltage meas- 
urements is ac hieved by a substitution 
technique that uses vacuum thermo- 
i ouplcs to relate the at to an accurately- 
known dc Highly refined versions ol 
this icihnic|iie achieve accuracies ol 
0.01% but painstaking, lime-consiim 
ing, laboratory procedures are required 
for this level of ac curat \ . 

A new instrument now makes it pos- 
sible to make at voltage measurements 
i<> bettei than 0.05% accuracy in fewei 
steps and without the environmental 
restrictions or precautionary measures 
required ol thermocouple measure- 
ments. The new instrument uses a prc- 
i isjou ratifying circuit t<> convert the 
unkltOwii ac directly to dc, and the re- 
sulting dc is read to 5-plncr resolution 
by a differential voltmeter technique, 
rhe measurement is straightforward in 



that the ac remains connected tO ihe 
i onvertel at all times and c an be moni- 
tored continuously. 

THE AC-DC DIFFERENTIAL 
VOLTMETER/ DC STANDARD 

Besides a piccisiou ac-toclc con- 
verter, the new instrument, the -hp- 



Model 71 1 A AC-DC Differential Volt- 
meter/DC Standard, lias the stable 
reference voltage source, precision re- 
sistive divider, and sensitive null in 
dicatoi rceptired for dilleieuli.il volt- 
meter measurements,' and it makes 

1 Robert E. Watson, "A Combined DC Voltage Standard and 
Differential Vollmeter tor Precue Calibration Work," 
Hewlett Packard louriMl, Vol 16, No. 9. May '65 
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Kit;. 2. Ba*ic elements of AC IX' Differential Voltmeter/DC 
Slumlord. Function twitch il set for ac differential voltmeter 
mode (AC M'M). in which Null Meter indicates difference 

(differential) between Adjustable Reference Voltage and dc 



output of AC to- DC Converter. In DC M'M mode, meter 
reads dlljerence between Reference Voltage and voltage cor- 

responding to dc input. Adjustable Reference Voltage become* 

iniial tO amplifier when instrument is in dc standard moilc 
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Fig. 3. Typical accuracy of new ac differential voltmeter is 
mown here by curves which plot errors as a junction of fre- 
quency and of signal amplitude. Compensated ac-to-dc con- 
verter enables high accuracy throughout wide frequency band. 

such measurements on either a< or dc 
voltages (Fig; The instrument's cir- 
cuits can also be switched to function 
as a highly accurate' source of stable di 
voltages, selectable over a range "I 0 to 
1000 V In addition, the instrumeni is 
useful as a precision powei or a voltage 
amplifier, and as either an ac or dc 
high-impedance, direct-reading elec- 
ironic volimeicr. Obviously, the new 
instrument, which has many ol the 
liasic funciional blocks of a secondary 
voltage standards la bora lory, performs 
a variety ol measurement and calibra 

lion tasks, as suggested by the capabili- 
ties summarized in Table I. Ii achieves 
this versatility, however, ai a cost con- 
siderably lower than thai of an assem- 
blage ol separate instruments oi com 

parable acc urarv. 

As an ac differential voltmeter, the 
new instrument is capable ol reading 
sine-wave voltages greatei than 50 mV 
with an accuracy of better than ±0.05?! 
of reading ±0.01% of end sc ale within 

a frec|iieni \ range of Kill i s to 10 kc s. 
Over tiit- t nl l-i ;t led range from 20 c s 
to 100 kc/s. accuracy is ±Q.2% of read 
ing ±0.01°;. of end scale. The instru- 
ment is thus well-suited for measuring 
ac voltages in high accuracy amplifiers 
.mil servo systems, for measuring 1 1 te- 
stability of inverters and a< powet sup 
plies, for calibrating oscillators, lot 
me asuring the (urns ratio of transform- 
ers, and for making many other preci- 
sion ac: voltage measurements. 

The instrument also icsponds to sig- 
nals with frequencies bighei than 100 
kc s, pioyitling indications to *>00 kc s 



Fit;. I. New -hp- Model 741A AC/DC Differential Voltmeter/ 
IX' Standard has low capacitance probe for ae input. Probe and 
<lc input and output are floating Four VOLTAGE SET controls 
.-■I resistire dirider and push-buttons concentric with VOLT- 
AGE SET knobs select sensitivity of front panel meter. RANGE 
sn itch sets illuminated decimal point indicators. OVERLOAD 
indicator lights if input collage exceeds Selected range or if out- 
put current exceeds selected limit. Overload protection to 1000 
rolls is proi'ided tin all ranges. 



with accuracies typicallj better than 
stability remains high above 100 

kc s and the iusli cmirnl is thus useful 
lor measuring the amplitude drill ol 
oscillators and amplifiers with high 
resolution at any frequency up to 500 

kc s. 

HIGH- IMPEDANCE INPUT 

I he accuracy <>i ac measurements is 
enham ed by the high-impedanc e probe 



attached to the instrument. The input 

Capacitance ol the I -megohm probe is 
less than 5 pf and this is at the point 
of contact with the measured circuit, 
three leet from the front panel. 

The- low c apac itaiu e results from the 
use of a Iriaxial cable. The tnnei shield 
of the cable is driven in phase with the 
input signal to reduce the voltage dif- 
ference between cetilet conductor and 



table l 

ABBREVIATED SPECIFICATIONS, -hp- MODEL 741A AC-DC DIFFERENTIAL VOLTMETER/DC STANDARD 



Function 


Ranges 


Max. Reading 
Resolution 


Accuracy 


Lpe'dTce- 


AC AVM 


1.10. 100. 
1000 V rms 


0.005% of end 
scale 


(See below) 


0.02% /day 


I Megohm 
<5 pF 


DC AVM 


1. 10. 100, 1000 V 


0.002% of end 
scale 


-:0.02% Of 
reading 1 10 itV 


< 0 003% /day 
f0 005% /mo. 


> 10" ohms 


DC Standard 


1. 10. 100. 1000 V 


1 ppm 


±0.02% of 
setting ± 10 «V 


<0.003%/day 
• 0.005%/mo, 




AC VM 


1. 10. 100 mV 
1. 10. 100. 1000 V 


0.2 mV rms on 
10 mV range' ' 


t2% of end scale 
above 50 mV 
(20 c/s- 100 kc/s) - • 




1 Megohm 
• 5pF 


DC VM 


1. 10, 100 mV 
1. 10. 100, 1000 V 


0 02 mV on 
I mV range 


±2% of end scale 




> 10' ohms 


DC Power 
Amplifier 


Unity voltage gain; input: 0 to 
1000 V; output: up to 20 mA. 


t.02% 


• 0 002%/day 


>10» ohms 


DC Voltage 
Amplifier 


Gain: -GO to f 60 dB in 20 dB steps, depending on 
RANGE and SENSITIVITY settings 




> 10' ohms 


AC to DC 
Converter' 


Average-responding: dc output corresponds to rms value 
of sinewave input. Conversion gain is same as dc volt- 
age amplifier. 




1 Megohm 
<5pF 


* Output taken at rear-panel RECORDER connector; max. output' 1 V into lk ohm 
-• Below 50 mV. AC VM accuracy is 2% - 0.2 rnV (20 c/s 50 kc/s) 

• Both AC and DC inputs are floating (up to 500 V dc max.) 


AC .l^VM Accuracy (% of reading) 

50 mV to 1 kV 1 mV to 50 mV 

0.05% - 0.01% of end scale. 100 c/s to 10 kc/s 0.2% | 0 02% of end scale. 20 c/s 50 kc/s 
0.1% !-0.01% of end scale. 50 c/s to 50 kc/s 
0.15% t 0.01% of end scale. 30 c/s to 50 c/s 
0.2% ! 0.01% of end scale. 20 30 c/s. 50 100 kc/s 
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Fig. 5. Amplitude stability of Model 741 A AC Differential Volt- 
meter is shown here by measurements made simultaneously by 
two instruments on one lo-i alt, t-kc/s source during period of 



lour months. To remove drift Of Source from results, souree roll- 
age leas adjusted to standard leeel by thermoeouple transfer 
measurement prior to each measurement. 



inner shield. Charging currents arc 
i h us reduced to negligible pioportions. 
In liigli frequency ac measurements! 
1 1 if low input capacitance causes less 
error from source loading than does 
1 1 it- more commonl) found instrumeni 
inpul c apac iiance ol 25-50 pF, a figure 
whic h does noi in< hide the added, and 
olien unknown, capacitance of eon- 
nec ling i allies. 

The low inpui capacitance is also 
important in measurements where 
capacitance loading is critical .is, for 
example, in feedback systems when- 
added capacitance might cause insta- 
bilities by affecting the performance ol 
stabilizing networks. The low capaci- 
tance also makes it possible to measure 
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high ac willages without chawing 

overly large rea< live c unenis. 

DC MEASUREMENTS 

\s a di instrument, the new AC-DC 
Differential Yolimeiei DC Standard 
may be used for prec ision dc voltage 
measurements on devic es sue h as trans- 
ducers, attenuators, thermocouples, 
and power supplies, cither differen- 
tially with 0.02% accuracy, or directly 
with 2% accuracy (see Table I). DC in- 
put impedance is c\c cpn'onally high 
(>I0" ohms) on all ranges regardless 
of whether "i not the instrument is 
adjusted fol a null reading. 

As a source ol dc standard voltages 

from i) to 1000 volts, the new instru- 
ment, with lis 0.02% accuracy and fi- 
plac e resolution cm eac h ol four ranges, 
is well siuiecl for the c alibratiou of digi- 
tal voltmeleis oi othei precision insliu 
incuts. An adjustable current coniiol 
limits the output current within a 
range of I to 20 milliainpercs for the 
protection of external cirt uits. The in- 



strumeni also functions as a piccisiein 
power amplifier with unity voltage- 
gain or, when the output is taken from 
the rear-panel rec ordei output, .is a 
voltage amplifiei with up to 60 dB 
gain, 

AC DIFFERENTIAL VOLTAGE 
MEASUREMENTS 

A block diagram of the new instru- 
meni in the ac differential voltmeter 
mode of operation is shown in Fig, 7. 
fo make an ac clillerent ial voltage 
measurement, the voltage derived from 
the highly precise resistive divider is 
bucked against the dc Output of die 
convener. The resistive divider is ad- 
justed by the from panel voltage set 
controls until its output equals the 
converted ac, as shown by the sensitive 
null meter. The sensitivity of the null 
meter, selected by the front panel SEN- 
SITIVITY i ontrails, i an be made as high 
.is I niV lull scale. The selling ol the 
resistive divider thus indicates the 
value ol the- .ic inpul voltage with high 
resoluiion. 
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Fig. 6. Strip chart recording made during 21-hour period by 
Model 741 A AC Differential Voltmeter on WO-colt output of Holt 



Model 323 A Audio Voltage Standard at 10 he/s. Voltage Stand- 
ard bus specified stability ol 3:0.02% f 10 seconds to 60 days). 
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Fig. 7. Simplified block diagram of new instrument in ac differential voltmeter 
mode. To function as direct-reading ac cidtmeter. meter circuit is switched to 
rend converter output directly. Meter lias low-drift amplifier (not shown) for 
increased sensitivity in either mode. 



AC-TO-DC CONVERTER 

The act uraciesof d< differential volt- 
meter measurements are determined 
primarily by the resistive divider and 
tlie reference voltage', but in ac meas- 
urements, these arc overshadowed In 
considerations <il the accuracy ol the 
.11 io-d< eonvetsion. An at ( unite ac-to- 
d< converter, usable over a broad 
bandwidth, therefore became a prime 
objective in the design of the new 
insti ument 

A simplified block diagram ol the 
converter and related circuitry is 
shown in Fig. s. a d< voltage equiva- 
lent to the average value of the ac sig- 
nal is obtained by integration of the 
half-cycle current pulses passing 
through diode D2. The converter thus 
responds to the average value of the 
input waveform but the high-precision 
circuit constants were chosen so that 
the smoothed dc equals the mis value 
ol a sine wave input. 

Inaccuracies caused by the resistance 
change in the diodes, from 50 to 500 
ohms during a 10-to-l dynamic change 
in the input signal, have been made 
less than 0.01% by designing the ampli- 
fier to have an effective output imped- 
ance greater than 10 megohms. Diode 
capacitance, however, bypasses some of 
the signal at frequencies above 15 kc s. 
This is compensated for bv a low-pass 
filter in the feedback (Beta) network 
that attenuates the feedback signal at 
higher frequencies to increase the sys- 
tem forward gain. High frequency loss 
in the diodes is also a function of signal 
amplitude, hence the filter cut -oil fre- 
quency is shifted according to signal 
amplitude. The change in cut-oil fre- 
quency is caused by a voltage-variable 

' See reference 1, page 2. 



capacitance that has been placed in 
parallel with the filler c ap.u itance and 
which is biased according to signal 
level by a voltage derived from the dc 
output "I the convet ter 

With compensation thus obtained 
for both the frequency and the ampli- 
tude ol the input signal, it has been 
possible to achieve accurate ac-to-dc 
conversion that is lineal over an am- 
plitude range from 1 10 of full scale 
to full scale throughout a broad fre- 
quency range (Fig. S). With propel 
calibration procedures, ii is possible to 
reduce errors to less than ±0.03% of 
reading, ±0.01% end scale between 100 
c ps and 100 kc s under normal labora- 
tory conditions, 

LONG TERM STABILITY 

Particular emphasis in the design ol 
the new instrument was placed on 
achieving long term stability, Special 
high-frequency wire-wound resistors 
are used in the input attenuator and in 
circ uit areas whic h determine amplifier 
gain stability. These resistors have tem- 
perature coefficients of less than 5 



ppm C: and, along with the large 
amount of negative feedback, have 
made it possible to design the ac-to-dc 
converter to have a typical stahilits ol 
loo ppm month, under normal condi- 
tions, and to have a temperature co- 
efficient of less than 10 ppm C be- 
tween 0 and 10 C for frequencies up to 
10 kc s. AC measurements may thus be 
made with stabilities that normally 
have been achieved only with dc meas- 
urements, and without requiring a 
carefully controlled environment. 

The stability achieved by the instru- 
ment is shown in Fig. 5. which is a plot 
of measurements on one ac voltage 
Standard made simultaneously by two 
ol the new instruments ovei a 1-month 
pe riod. The record shows a long-term 
stability of ±0.02% for each instru- 
ment, and the maximum deviation lx'- 
tween instruments is only 0.01%. 

Fig. ii shows a 21-hour recording ol 

the output ol one instrument while 

connected to a laboratory ac voltage 
standard. The maximum deviation 
here, which also reflects the stability 
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Fig. 8. Elements of precision ac-to-dc converter. Half-cycle current pulses through 
diode 1)2 are integrated to obtain output equivalent to average value of ac input. 
Diode Dl restores charge withdrawn by 1)2 from capacitor C. Two diodes working 
together feed full waveform to feedback network. 
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Fit;. 9. Amplitude viability »/ new instrument in dc differential 

voltmeter moae plotted for period of lour months while instrument 
monitored voltage of nine series-eonneeted standard eells. 



nl I lie si. mil, ml, is MO ppm. 

\i higher frequencies, the stabilities 
oJ the high-frequency compensating < a. 
pacitors influence overall instrument 
stability. \t 50 kc/s, stability is typi- 
< ally hiiici t halt 0.03%/month and at 
100 k< s. ii is typically better than 
0.1";, 'month 

DC FUNCTIONS 

A l>ln(k diagram of ilic new instru- 
ment operating in the di differentia] 
voltmeter mode is shown in Fig. 10. 
The input voltage is applied directly 

lo a summing point where it is opposed 

by the voltage output ol the amplifiei 
chain, I he amplifiers function as an 

automatic null seeking system thai as 
sines the equality of the two voltages. 
1 he di input theieloie has very high 
input impedance (> 10" ohms) and this 
input impedance is maintained at all 

limes mi all ranges, regardless of 
whether ■» not the measuring circuits 
are adjusted for a null reading. I he 
impedam e ol the soutie thus has negli- 
gible elleit on the measuiemeiit and 
the accuracies of long-term measure- 
ments are nOI aliened In drill in the 
measured voltage. 

The output of the amplifier chain, 
attenuated if necessary to within a 
range of 0—1 volts, is compared to the 



output of the resistive divider and the 
resulting difference is displayed by the 
null meter. The resistive divider, ad- 
justed to in ing the difference to a mini- 
mum, Indicates the voltage with four- 
plat e resolution and the residual metei 
leading provides a fifth digit of read- 
out 

When the instrument functions as a 

ill stand. ud. the resistive divide) out- 
put becomes the amplifier input, as 
shown in Fig. I I. An output voltage is 
selei ted h\ i hone of the desired range, 
whit h i onnols the amplifier gain, and 
by the selling ol the four VOLTAGE SET 

switches. These provide the first foui 

digits ol the selei ted voltage and a 
front panel VERNIER (onlrol provides 

the r>th and Gth digits, displayed on 
the front panel meter'. 



In the di voltmeiei modes, the volt 

age at the input is recreated al front 
panel output terminals, Inn with a 
capability foi supplying up to 20 mA 
ol current. The instrument therefore 
functions as a power amplifier with 
unity voltage gain and with the high 
d( input impedance that is character 
isth o| i Ik- di voltmeiei modes ol op 
eration, The instrument may thus be 

used tO SUppl) power under the < on- 
lrol ol low power devices* such as 
standard eells. 

In all modes ol operation, a rear 
panel RECORDER output supplies a volt- 
age (0-1 V) that is direitly propor- 
tional to meter deflection. The instru- 
ment thus also serves as a d( vollage 

amplifiei with up to 60 <IH ol gain (on 
the l-voli range with >; '000 meter sen 
sitivity). Use ol the RECORDER output 
also enables the instrument lo sene as 

a precision ac-to-di converter in the at 
modes ol operai ion. 

DC STABILITY 

I he hasii di stability ol the instru- 
ment is determined primarily by the 
I V reference source, the resistive di- 
vider and the range stick. Ihe large 
amount of feedback makes the ampli- 
fier gains essentially independent ol 

ih.uiges in the othei parameters. 

I he l-V reference voltage is derived 
ft «mii a pre-aged Zenei diode which, 
along with associated circuitry, is in- 
stalled in a proportionally-controlled 
oven. I he resistors have matched tem- 
peraturc coefficients. I he total instru- 
ment temperature coefficient in dc 
operation is less than 0.0003%.' D C, en- 
abling piecision measuiemeiits lo be 
made with confidence in the environ- 
ment normally encountered in labora- 
torj oi production facilities. Each new 
instrument must exhibit an accuracy 



DC 
INPUT 




DC 
OUTPUT 
-O 



CHOPPER 




HI VOLTAGE 


AMPLIFIER 




AMPLIFIER 



1 VOLT 
REFERENCE 



VOLTAGE SET 



RANGE 




NULL 
METER 



Fig. 10. Circuit arrangement for dc differential voltage measurements. AC ampli- 
fier i.s converted to low-drift dc chopper amplifier by addition of photocondtutitc 
modulator at input and synchronous demodulator al output. High-voltage ampli- 
fier is switched in. enabling input voltages of up to 10(10 volts to be re-created at 
output. For use as direct-reading dc voltmeter, null meter is switched to read 
attenuated output voltage. 
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Fig. 1 1. In DC standard modr, output of resistive divider becomes in- 
put to amplifier c/tain. Summing point compares input to attenuated 
sample of output taken from Range stick. Amplification by factors 
of 10 are thus obtained by use of RANGE switch. 



of better than 0.008% on all <l< func- 
tions' il ii is to pass final factor) inspec- 
tion. 

DESIGN LEADER 

rift 

William G. Smith 

Following graduation from Utah State 
University with a BSEE degree in 1957, 
Bill Smith joined Hewlett-Packard and 
worked on the circuitry for the -hp- 
Model 120A Oscilloscope. During this 
time, he obtained an MSEE degree from 
Stanford University in the -hp- Honors 
Cooperative program. Bill's military com- 
mission was activated on completion of 
his graduate studies and he spent the 
next three years attached to the Army's 
Engineering and Evaluation Section, 
White Sands Proving Grounds, New Mex- 
ico, in connection with the development 
of the Sergeant missile. 

Bill rejoined -hp- in 1961, this time 
in the Engineering Section of the Love- 
land Division. Initially, he worked in 
power supplies and then as project 
leader on the Model 741A AC-DC Differ- 
ential Voltmeter/DC Standard. At pres- 
ent he is Group Leader of the ac preci- 
sion instrumentation group. Bill is a 
member of Phi Kappa Phi and Sigma 
Tau. 



Fig. !) is a typical plot of readings 
made in the dc differential voltmetei 
mode on a bank of a Standard cells over 
a 4-montfa period. Typical total instru- 
ment stability is shown here to be 
±.00l%/day or ±.002% /month. 
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ADDITIONAL SPECIFICATIONS (See Table II 
-hp- MODEL 741 A AC-DC DIFFERENTIAL 
VOLTMETER/DC STANDARD 

AC DIFFERENTIAL VOLTMETER 
NULL RANGES: 1 mV lo 1000 V end scale 
REPEATABILITY: Better than 0.01% on all 
ranges. 

LINE REGULATION: 0.01% change for 

— 10% line voltage change 
TEMPERATURE COEFFICIENT: -.40 ppm/"C 

from 20 c/s lo 50 kc/s, <60 pprn/'C from 

50 kc/s to 100 kc/s, between 0 - C and 

4 50"C 

DC DIFFERENTIAL VOLTMETER 
NULL RANGES: 1 mV lo 1000 V end scale 
REPEATABILITY: Better than 0.001% on all 
ranges. 

LINE REGULATION: < t. 0.002% Change for 

±10% line voltage change 
TEMPERATURE COEFFICIENT: <3 ppm/"C 

from 0'C to +S0"C. 
SUPERIMPOSED AC NOISE REJECTION: 

<0.01% rms error (above 50 c/s), 50% of 

input or 25 V rms, whichever is less. 

HIGH IMPEDANCE DC VOLTMETER 
SUPERIMPOSED AC NOISE REJECTION: Same 
as dc differential voltmeter. 

DC STANDARD 

OUTPUT: Floating (up to 500 V) 

OUTPUT CURRENT: 0 to 20 mA: limiter con 
tinuously variable from 4 to 20 mA. Over- 
load indicator lights up when current ex 
ceeds selected limit. 



LINE REGULATION: <±0,0Q2% for ± 10% 

line voltage change. 
LOAD REGULATION: < -0.002% or ±50 (iV. 

whichever is greater, no load to full load. 
TEMPERATURE COEFFICIENT: - 3 ppm/"C 

from 0*C to -t-50'C. 
REMOTE SENSING: Permits output regulation 

at point of application. 
NOISE AND HUM: dc to 1 c/s. 100 dB below 

full scale: I c/s to 1 Mc/s. 100 dB below 

full scale or 200 uV. whichever is greater. 

DC POWER AMPLIFIER 
BANDWIDTH: dc to 0 1 c/s 

LINE AND LOAD REGULATION: Same as dc 

standard. 
NOISE: Same as dc standard 
SUPERIMPOSED AC NOISE REJECTION: Same 

as dc differential voltmeter. 

GENERAL 

RECORDER OUTPUT: Available .n all modes of 
operation. 

RECORDER AMPLIFIER: Recorder voltage out 
put directly proportional to meter deflection 
60 dB gain (max.); 1 mA into 1 k ohm load 

POWER: 115 or 230 V ±10%. 50 to 1000 c/s, 
125 watts max. 

SIZE: Nominally 16% in wide by 7 in high by 
13% in. deep overall 

WEIGHT: Net: 46 lbs. (20,7 kg) 
Shipping: 60 lbs (27 kg). 

PRICE: -hp- Model 741A: $1475.00. 

Prices fob factory 
Data subject to change without notice 
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MIXER 
MODEL (/jji) I05I4A 



5MW NOM 



40 MA 
MAX 
INPUT 

X 



.5-500 MC 




Fig. 1. New -hp- I05I4A Bal- 
anced Mixer, reproduced here 
al full size, gives high-per- 
formance mixing over an ex- 
trcmelv broad frequency range 
(200 kc/s-r>00 Mc/s). 



A 200 kc/s-500 Mc/s FREQUENCY CONVERSION UNIT FOR MIXING, 
MODULATING, PHASE-DETECTING AND LEVEL-CONTROLLING 

A new untuned mixer operates over the extremely 
wide frequency range from 200 kcs to 500 Mc/s and 
uses a double-balanced circuit for high versatility. 

Laboratories engaged in 111 ami vhl 
system and circuit development have In 
the past been forced to build mixers, 
phase detei tors, and modulators as the 
need arose. Consequently, such units 
have generally been narrow-band, spe- 
cial-purpose items and in most rases 
the engineering nmt ' was not available 
to obtain adequate information about 
their performance. The new mixer de- 
si ribed here lias been designed to meet 
the varied needs of signal processing 
from 200 k< /s to 5,00 M< /s with j>er- 
formance that compares lavorably with 
that which could be obtained in a spe- 
< ial-purpose unit. 

From 500 kc s to 50 Mc/s tin's 5t>. 
ohm mixer typically provides a single- 
sideband conversion efficiency less than 
(i dJB, Hat within a small fraction ol a 
(III, with a noise figure that does not 
greatly exceed this 0-dB value. A typi- 
cal reje-c tion ol more than 50 < 1 14 for the 
high-level signal is obtained over this 
frequency range. This performance is 
approached on up to 500 Mc/s on any 
one of the pons. 

One of the ports of the mixer is cou- 
pled to dc . thus allowing efficient oper- 
ation as a low-noise phase detector, an 
amplitude or pulse modulator, and a 
current-controlled attenuator over the 
200 kc /s to 500 Mc/s range. 

CIRCUITRY 

The circuit shown in Fig. 2 was 
chosen lor the mixer to minimize the 
feed-thru from any one port to another, 
to provide good impedance matching 
al the low-signal-level potts, and to 
allow for several different modes ol op 
eiation. The transformers were spe- 
cially developed to provide very good 
balanced operation with a minimum 
ol loss over the 200 kc s to 500 Mc s 
range. This balancing provides a mini- 
mum of feed thru between ;inv two 
ports. The circuit is arranged so that 
elln ient use is made ol the local oscil- 




Fig. 2. Basic circuit arrangement 
of new broadband mixer. Circuit 
is double-balanced to permit effi- 
cient conversion to sum and dif- 
ference frequencies with little 
feedthrough of input signals and 
low generation of intermodula- 
tion products. 



lator broadband power in that both 
halves of the input sine wave aie load- 
ed by the diodes. With this arrange- 
ment the impedances at the "R" and 
"X" ports are not much greatet than 50 
ohms. The discussion here assumes that 
the new mixer is used in a 50-ohm sys- 
tem, but the useol a 75 ohm load at the 
IF. or "X!' port should y ield about the 
same results. 

The diodes used are a specially- 
selected quad of "hot carrier" diodes 
produced b) hp Associates Hiese diodes 
are closelv mate bed. so that onl\ a rela- 
tively small amount of higher ordei in- 
icriuodulation products is produced. 
The diodes also have such a small 
amount of charge storage (short life- 
time) that the mixing is not deterior- 
ated by this lactoi even at 500 Mc s. 



CONNECTIONS 

In all ol the applications discussed 
here a nominal 5-in\V level signal is fed 
into the "1." pott, ("I." is a mnemonic 
designation alluding to "local oscillat- 
or" or "large" signal.) The 5-mW signal 
level is. however, not critical in the 
mixing or phase detecting modes ol op- 
eration. For example, the conversion 
efficiency is decreased as the high-level 
signal is decreased as shown in Fig. 5 
The "L" port has a useful frequency 
range of 200 kc ,'s to 500 Mc s. 

The "R" port (for "if" signal port) 
i- the normal low-level input port lor 
mixing and phase-cletec ting modes. F'or 
modulation applications, this port 
would normally be the output port. It 
has a useful frequency range of 200 
kc s to 500 Mc s. 
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Fig. 3. Oscillogram 0/ spectrum analyzer presentation show- 
mi; excellent owner rejection in balanced modulator out- 
put of new mixer. A 50-Mc/a signal is being modulated by 

a l-Mc/s signal. Vertical seale is 10 dB/cm so carrier re- 
lation is well above BO illi. Horizontal scale is I Mc/s/em. 



Fig. 4. Dual-trace oscillogram showing balanced output of 

neu- mixer anil the modulating waveform. Carrier leas re- 
inserted at balanced modulation output to obtain ordinary 
( nonearrier-suppri'ssed ) modulation, hut ordinary modula- 
lion (or control oj output h eel) can also he obtained by 
applying a dc current u ith modulating signal. Modulating 

signal can he any frequency from dc to 500 Mc/s. 



The "X" poll ("X" standing lor 
"sum or difference" signal) is the nor- 
mal output ppn for mixing and phase 
detecting modes, For modulation and 
attenuation applications) however, this 
|)oii would norm.dlv lie an input port. 
Ii has a useful frequency range ol dc to 
.50(1 Mc s. With either polarit) of d< 
applied there will be two diodes in par- 
allel :it this |x>rt, requiring •■are when 
using external power supplies. \ pc.ik 
limitation ol 10 milliainpcres (much 
less than I volt) is specified to protect 
the diodes. 

PERFORMANCE 

When the new mixer is used as a 
phase detectot oi down-converting 



mixer, single-sideband conversion effi- 
ciency like that shown (lor a sample 
unit) in Fig; 0 i.iu !)!■ expected. Note 
that the response is (onstanl within 

±0.2 dii from 500 kc/s to r.o M< s. 
About o.r> dB improvement in conver- 
sion elliciencx (an he achieved In pro- 
viding a shon circuit at the undesired 
side-hand frequency at the output port. 
Near the .'idB response points about 
the same amount ol improvement can 
he achieved by raising the high-level 
signal a lew dB. For an Up-COnverting 
mixer the response will lx' i|iiite similai 
to that in Fig. 0 with the oulpui lie 
cptcucy taken as the absc issa. 

1 1 is expected that this unit will find 
application as a component in single 
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side-band systems. Fig. 3 shows the sup- 
pressed-earrier modulation perform- 
ance obtainable in the hi frequency 

range. Note that the vertical scale is 
I o d B per ( in. showing that (he carriei 
is suppressed h\ well over .50 dB. Willi 
call icr suppression like I his. I he carrier 
rejection requirements placed on an 
associated single sideband liltei are 
greatly reduced; Also, (airier rejec tion 
ol this degree allows the possibility ol 
generating a more than acceptable sin- 
gle-sideband by the phasing method. 
Balance is a very important feature ol 
the mixer and the specifications give 

limit feed-thru values which should be 

ol interest lor general signal-processing 
applications. These ( onser\ at ive levels 
show, for example, the amount ol isi >la- 
lion between the local os< illalor and 
the IK port (in a receiver application) 
without the benefit of filtering. 
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Fig. 5. Single side-band conversion efficiency of a typical mixer 
os a function of poiver available from a 50-ohm source. Input 
signals at I Mc/s with lower-level input at 10 raV. 



Fig. ti. Relative frequency response of a typical mixer used as 
a down-converting mixer. The lower-frequency input Fi was at 
+ 7 dBm. the higher F* at —3 HBm. 0-ilB reference was5..'i dB 
conversion efficiency. 
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(a) 



(b) 



Fig. 7. Oscillograms showing fast-pulse inoilulalion performance of new mixer. 
Modutating pulse is 0.1 /isec wide, repetition rale is I Mc/s. carrier is 50 Mc/s. 
fa) shows clean rf pulses obtainable, (b) is (a) expanded 10 times to shoiv more 
clearly the precise turn-on and turn-off capability of the mixer, (e) is a spectrum 
analyzer presentation of modulated carrier showing dispersion and envelope of 
spectral components on a log scale (10 dB/cm). Id) is a frequency expansion of 
(c) and more clearly suggests the use of pulse modulation with the mixer as a 
spectrum or comb generator. Vertical scale is 10 dli/nn and horizontal is I Mc/s /cm. 



The new mixer can be convened 
From a suppressed carriei modulator to 
an amplitude modulator (with good 
control ol tlic amplitude level) In add- 
ing some d< current with the modulat- 
ing signa' (Fig I) The « 1« ■ urrcnl can 
be adjusted to control the amplitude 
modulation level by unbalant ing the 
diode In idge. 

The last application leads naluiallv 
to the thought ol pulse modulation. 

The mixer's capabilities in this area are 

shown in Figs. 7(a) to (tl). I hese os< illo 

grams show the quality ol pulse modu- 
lation obtained using short, high-repc- 
tition-rate pulses. A I -Mc/s repetition 
rate, .100-mV, IO : -set -wide pulse was 
applied at the "X" port, and a 500 mV. 
50-Mi s signal at the "L" port. Fig. 7(a) 
shows the mixet output on a lineal ver- 
tical scale as a lunition of time with a 
2 x l"' : *<■< per cm sweep, rig. 7(b) is a 
time expansion ol this to show moie 
detail at 2 :■' 10 ' se< pet OH. Fig. 7(c) 
sluiws the output on a log vei li< al st ale 
as a rune lion of frequency with a 7 
Mi \ pel cm sweep. Fig. 7(d) is a Fre- 
quent \ expansion at I Mt spertm. 

CURRENT-CONTROLLED 
RF ATTENUATOR 

As a straight currcni-t out rolled at- 
tenuatot the performance at 50-Mi s 
is shown in Fig. 8. \ 50- Ml s signal 
at a level of -f .1 dllm (a larger input 
will result in greater insertion loss) w .is 



applied lo the '%" port. The dt control 
current was then applied to the "X" 
port, and the output taken from the 
"R' port. Note the low insertion loss 
and the 50-dB range ©vet which the at- 
tenuation is highly lineal with loiitiol 
current. (Tie second harmontt content 

in the output in this mode ol operation 
is quite low. as shown in Fig S. while 
the third harmonii can be easily 
blocked from Following circuits by a 

simple filter. I he Id -in A limit value of 

current mentioned carliet also applies 




M) 

in this w<»rk and a series resistor ol 
sulfa ient value should be used directly 
in series with the "X" port. 

For general signal processing, the 
mixer intermodulation product levels 
ate o| considerable interest. I hese sig- 
nal levels ale oldinarilv troublesome lo 
measure, so as a convenient e to the 
usci typical values are given in the 
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Fit;. S. Typical attenuation (solid line) at mixei output ("tt" port) of a sig- 
nal applied to "/." port as a function of a dt control current applied to "X" 
port. (See also Fig. 4.) 0 dli is +3 rfflm input level. Input signal is 50 
Mc/s. Shaded lines show relative harmonic content in mixer output us. 
control current for a typical mixer. I Mc/s inpir sigmd level al +:i dlim. 
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Via. 9. Block diagram of metuurement arrangement using new mixer 
in fraluating short-term stability nf high-quality signal sourees. 



specifications toi distortionless inputs 
.ii ,i particular l„ level with resistive 
terminations. This p^fowna.nee is sig- 
nificantly better than thai measured 
with other diode mixers evaluated. 
These intermodulacion products are 
not a strong function of the high-level 
signal, but they are highly dependent 
on the low-level signal. A reduction in 
the low-level signal will greatly reduce 
the interraoduation levels. 

FREQUENCY STABILITY MEASUREMENTS 

When used as a phase detector, the 
new mixer is valuable in determining 
the short-term stability of high-quality 
signal sources. Two signal sources can 

DESIGN LEADER 




Victor E Van Duzer 

Vic Van Duzer obtained a BSEE de- 
gree from the University of Illinois in 
1957 and an MSEE degree at Stanford 
University in 1959. He has been with 
Hewlett-Packard from 1958 to present, 
working as a development engineer and 
a development section manager. His de 
velopment work has included sampling 
oscillography. very fast rise-time pulse 
generation, and frequency synthesis. Mr. 
Van Duzer has patents and applications 
for patents filed in these areas of de- 
velopment. 



he applied to the mixer to translate the 
instability down to a lower frequency 
for easier evaluation. II the two signals 
are adjusted to the same frequent \ and 
to quadrature phase position, the out- 
put phase noise ( an be monitored with 
a low-1'requenry analyzer for phase 
noise plots. \ band-limited voltmeter 
can be used for a gross measure, as can 
a frequency counter for averaged time 
sample measurements (by providing 
some frequency oHsel of the signals to 
be i becked). With a suitable low-noise 
amplifier placed alter the mixer, the 
performance nf the highest quality 5tg 
nal sources can be evaluated. A bloik 
diagram for this application is shown 
in I- ig, !> I In i i mm- line i- bro- 
ken when a frequency offset is used loi 
counter measurements. If the sources 
are both of the type to be evaluated, 
the nni.se pnwer from each is generally 
considered ccpial and the results are 
improved by S dB to represent the per- 
formance of a single source. 

ENVIRONMENTAL PERFORMANCE 

The mixer was designed to with- 
stand adverse environmental condi- 
tions. For less severe conditions this 
ability is generally considered a meas- 
ure ol reliability. This mixer has been 
tv|>e tested to meet its specifications 
over 0 to 55 "C and thru five cyc les of 
10 C and 05% humidity. Other tests 
include — 10 C to +75 C exposure. 
0.01 inch peak-to-peak vibration to 55 
cyc les. I inch bench drop, and altitude 



SPECIFICATIONS 

-hp- 
MODEL 10514A 
DOUBLE BALANCED MIXER 
IN PUT/ OUTPUT FREQUENCIES: "L" and "Ft" 
ports: 200 kc/s to 500 Mc/S, "X" port: dc 

10 500 Mc/s. 

MAX. INPUT: 40 mA man 

IMPEDANCE: Designed (or use in a 50 ohm 

system 
MIXER CONVERSION LOSS: 

(A) 7 dB man (or ft and f, in the 500 kc/s 
to 50 Mc/s range and (, Irom dc 10 50 
Mc/s .1 level at 5 mW and (, level less 
than 1 mm. 

(B) 10 dB max. (or I, and f. In the 200 kc/s 
to 500 Mc/s range and (, (rom dc to 500 
Mc/s ((; level at 5mW and (, level less 
than 1 mW). 

NOISE PERFORMANCE: 

8 dB max. noise ligure (or conditions of A 
above except f v min. frequency of 50 
kc/s. 

1 1 dB max noise figure for conditions of *B) 

above excepl l t mm. frequency of 50 

kc/s. 

10-' volts per root cycle max at output for 
conditions of (A) or <B) excepl f„ al 10 
cycles. 
MIXER BALANCE: 

AS IN (A) AS IN (B) 

40 dB 40 dB f, at R with f, reference 



45 30 f t at X with f t reference 

45 30 % at L with f„ reference 

25 10 f, at X with f, reference 

40 10 I, at L with f, reference 

29 5 f_ at R with f x reference 



TYPICAL COMPRESSION: By („ signal pres 
ence interfering with f l( signal <1 { level 
at 5 mW): 
] dB for f„ level o( 1 mW 
10 dB (or f„ level of 10 mW. 
INTERMODULATION: Typical Intermodulation 
product production with f t level of 5 mW and 
f, at 70 mV: 



Product Level referred to f„ level 

2f L - f, 35 dB 

3f t • 2f, 70 

5f t 4t, 85 

7f, 6f, 100 
2f, f t 60 dB 

3f, 21, 55 
4f, 3f t 85 
5f, 4f t 75 
6f, - 5f t 95 
7f, ■ 6f t 85 



CONNECTORS: BNC. 

DIMENSIONS: 2.3 in x 0.6 in. x 1.8 in. 

159 » 15 x 47 mm) 
MOUNTING: Tapped 4 40 NC hole pair on 

2.062 in. centers on connector side. 
WEIGHT: 5 ounces (140 grams) 
PRICE: 5250.00. 

Note: All specifications are for 501.' termina 
tions and R level of 5 mW 

Prices f o.b factory 
Data subject to change without notice 



to 15.0011 feet while operating. One of 
the most important environmental fea- 
tures of this unit is the type test com- 
pliance with rigid RJPl specifications 
suc h as.MIL-l-hlHID. 

— I'ii tor Ii Van I) inn 
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500 kc/s-500 Mc/s FREQUENCY DOUBLER 




DOUBLER 



I05I5A 



IN — -~* ' <-> A00 "• 




Re, 2. Basic circuit of new lioubler. Use of 
balanced circuit achieves high rejection of 
first and third harmonics. Doubter ran he 
used as a eery broadband AC -DC con- 
verter i/ no external dc return is used. 



Fir. 1. New -hp- 10515A Frequency Dou- 
ble! (shown actual size) produces outputs 
from I to 1000 Mc/s from inputs of 0.5 to 
.500 Mc/s and thus doubles the usable 
frequency range of existing signid sources. 



A i is often valuable to be able to in- 
i rcase the frequency coverage of signal 
generators, frequency synthesizers and 
oilier signal sources, [b permit this. a 
new broadband frequency doublet has 
been designed which operates <>n in- 
puts from .500 k< s to 500 M< •>. yield- 
ing outputs from I to l.ooo Mi v the 
doubter is extremely convenieni (sec 
photo), has a quite Sai frequency re- 
sponse with a lo-iiB conversion effi- 
ciency, .ind has lu'ui) rejection ol the 
first and third harmonics ol the input. 
The doublef uses a pair ol in. iK lied 

hot-carrier diodes in a circuit thai is 



optimized for use in a 50-ohm system. 
The frequency response <>i the output 
is typically constant within I dli from 
I to l.ooo M< s i ■ ■ t iii|)iu signals be- 
tween § and 180 in\V and an output 
load of 50 ohms resistive. On single 
[requeue) input, the rejection ol the 
first and third harmonics of the input 
is typically greater than SO dB relative 
to the desired output. This rejection 
applies lot highest rated frequencies; 
lor outputs in the region Irotn I to 100 
Mr s the rejec tion of the lust and third 

harmonics is typically greater than 15 
dli. 

Hie device can also be used as a 
broadband ac-todc converter by oper- 
ating it without an externa] d< return 
path. 

— Victor /■'. I an Huzcr 




Fig, 3. Dual-trace oscilloscope presenta- 
tion of typwal operation of new doubter 
showing relative absence of undesired out- 
put i-omponents. Input (top) to doubter is 
a /-volt. HOO-Mc/s signal: corrcspontlmg 
1000-Mc/s output /lower) is delivered to 
external 50-ohm load. At lower operating 
frequencies the output will typically con- 
tain somewhat more fourth harmonic and 
appear more like full-wave rectification. 



FiR. 4. Spectrum analyzer presentation of 
typical output of new doubler when driven 
by a l-volt. 500-Mc/s input. First through 
fourth harmonics are displayed . Vertical 
scale is 10 dB/cm: thus more than .10 
dB rejection occurs for first and third 
hnrmonie. 



SPECIFICATIONS 
-hp- 
MODEl 10515A 
FREQUENCY DOUBLER 

FREQUENCY RANGE: 0 5-500 Mc/s input 

1-1000 Mc/s output 

IMPEDANCE: 50 ohm nominal (source and 
load). 

INPUT SIGNAL VOLTAGE: 0.5-3.0 Vrms. 
INPUT SIGNAL POWER: 180 mW (max I. 
CONVERSION LOSS:" 

< 12 dB (typically < 10 dB) for > 1 volt. 

0.5 to 50 Mc/s Input. 
<13 dB (typically <I1 dB) for >0.5 volt. 
0 5 to 500 Mc/s input 
SUPPRESSION OF 1ST AND 3RD HARMONIC 
OF INPUT:" 

>35 dB for O S to 50 Mc/s Input (typically 
>45 dB) 

>20 dB for input to 500 Mc/s (typically 
>30 dB). 

ENVIRONMENTAL PERFORMANCE: Type 

tested to 0-55"C. 40"C/95% humidity, and 

compliance with MIL-I-6181D interference 

specification. 
DIMENSIONS: 

DIAMETER: 0.7 in. (18 mm) 

LENGTH: 2 5 in (64 mm). 
CONNECTORS: 

INPUT: BNC male 

OUTPUT: BNC female 
WEIGHT: Approximately 2 ounces (56 grams) 
PRICE: $120.00. 

Prices f.o.b. factory. 
Data subject to change without notice 
" With a 50-ortm resistive load and a single input fre- 
quency. Suppression values are referred to tne desired 
output level. 



WHICH DC VOLTMETER? 

The meaning of voltmeter specifica- 
tions, techniques for calibrating high ac 
curacy dc voltmeters, and methods of 
dealing with extraneous noise in dc volt- 
tage measurements are some of the top 
ics discussed In a new application note, 
"Which DC Voltmeter?", available with- 
out charge from Hewlett-Packard. Other 
articles in the application note survey 
the various types of analog and digital 
dc voltmeters, review the advantages 
and limitations of each type, and com- 
ment upon the factors to be considered 
in selecting a dc voltmeter. 

To obtain a copy, ask your nearest 
-hp- field office for -hp- Application 
Note No. 69 or write: 

Hewlett-Packard Loveland Div. 
P.O. Box 301 
Loveland, Colo. 80537 



* ^2 • 

© Copr. 1949-1998 Hewlett-Packard Co. 



